Structure-borne sound transmission at a subfloor/joist connection typical of wood frame buildings is investigated experimentally and theoretically. The first part of this paper investigates the influence of the fastener spacing on the vibration attenuation across a joist. For this purpose, measurements were carried out on a small floor section for various coupling conditions of the joist. The experimental results suggested the existence of an effective coupling area characterizing the screwed joist/floor connection. In the second part of this study, a calculation model is developed based on Statistical Energy Analysis (SEA) and plate strip theory for the idealized case of a rigid line connection. The presented model is verified experimentally on a Plexiglas structure and a subfloor/joist connection. The experimental validation showed fair agreement between measured and calculated data, but revealed that more work is required to improve the prediction accuracy in realistic situations.
INTRODUCTION
Over the past few decades, calculation models predicting structure-borne sound transmission in buildings have almost exclusively been developed by European scientists [1] [2] [3] [4] [5] [6] [7] [8] . As a result, these prediction models were originally intended for masonry and concrete buildings, which represent the most common construction type for residential buildings in Europe. In contrast, modeling flanking transmission in lightweight structures remains a relatively new research topic. A recent contribution to this field was reported by Craik et al. [9] , who investigated the airborne sound transmission through a double leaf partition in the presence of a fire stop. The effect of flanking transmission through the fire stop was estimated based on a simplified bending wave model. Part of the apparent lack of other theoretical research can be explained by the complexity of wood frame constructions. Only recent developments in analytical modeling have provided the necessary tools for assessing the influence of the anisotropic nature of the materials [10] and the 'point'connections using screws or nails [11] .
As demonstrated by the work of Craik et al. [9] , the dominant flanking path in wood frame buildings often involves the floor/ceiling assembly. Figure 1 illustrates that a typical wood frame floor consists of a subfloor of Oriented Strand Board (OSB) or plywood which is supported by a series of parallel wood joists. The subfloor is connected to the joists by a number of equally spaced screws. If the influence of the suspended ceiling and the cross-bridging is ignored in a first approximation, the floor is essentially a ribstiffened plate structure. As a result, modeling structure-borne sound transmission in a floor requires an accurate understanding of the subfloor/joist interaction. In this paper, a subfloor/joist connection typical of floors in wood frame buildings is investigated experimentally and theoretically. The aim of this study is to identify the various parameters (e.g. joist depth, fastener spacing and material properties) which need to be considered when modeling flanking transmission through a wood frame floor.
Figure 1.
Cross-section of a joint between two walls and a floor/ceiling assembly. The subfloor is supported by a series of parallel wood joists.
In the first part of this paper, the frequency dependent behavior of the joist/floor connection is investigated based on a series of measurements corresponding to different coupling conditions of the joist. Next, a theoretical calculation model using SEA will be presented for the ideal case of a line connection. This calculation model will be verified experimentally on a homogeneous and isotropic structure as well as on a realistic joint. Distinction will be made between three different approaches, each characterized by a proper procedure for modeling the joist. The analysis will focus only on structure-borne sound transmission in a direction normal to the joist. Although reference will be made only to floors, the connections between gypsum board walls and the supporting framing members are very similar to subfloor/joist connections. Consequently, the theoretical and experimental results presented in this paper are equally relevant to structure-borne sound transmission in lightweight walls.
CHARACTERIZING THE SUBFLOOR/JOIST CONNECTION
Characterizing structural connections that use nails or screws represents a major difficulty of modeling flanking transmission in wood frame buildings. In the context of lightweight walls, it has been suggested that the joint between a gypsum board sheet and a wood stud should be treated as a line connection at low frequencies and a series of point connections at high frequencies [12] . The transition between both regimes was found to be the frequency at which the spacing between the nails matched half the bending wavelength in the gypsum board. This simplified approach assumes an infinitely small contact area between the plate and the beam element. In addition, it treats the plate as one entire subsystem and therefore neglects the vibration attenuation across the framing member. The experimental data presented in the following paragraphs will show that these assumptions are inappropriate for the junction under consideration in this paper.
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Figure 2
One joist was screwed against an OSB sheet and mounted on a resilient layer on the laboratory floor. The structure was kept upright by two strings.
The influence of the screw spacing on structure-borne sound transmission at a subfloor/joist connection is investigated by two series of measurements in laboratory conditions. One OSB sheet (2.4 x 1.2 x 0.0147 m) was connected to a wood joist (1.2 x 0.235 x 0.037 m) using nominally equally spaced screws. The joist divided the OSB sheets into two nominally identical plates measuring 1.2 x 1.2 m. Figure 2 shows that the assembly was mounted on a resilient layer in order to obtain adequate decoupling from the laboratory floor. Two strings were attached to the corners of the OSB sheet to keep the specimen in the vertical position. In the first series, the OSB sheet was attached to the joist by 5, 9 and 17 equally spaced screws, corresponding to a screw spacing, L, of 0.3, 0.15 and 0.075 m (Figure 3a) . In the second series of tests, the same number of screws was considered, but a thin aluminum plate (0.038 x 0.038 x 0.001 m) was positioned between the joist and the OSB sheet at each of the fasteners (Figure 3b ). The aluminum spacers were applied to create a well defined contact area at the joint. It should be noted that the thin layer of air between the joist and the OSB sheet might lead to an increase of the damping due to air pumping effects. In view of the relatively high internal loss of the building materials in wood frame buildings, it is assumed that the additional damping is negligible.
Figure 3:
In the first series of tests, the joist was attached directly to OSB sheet (a), whereas in the second series square aluminum spacers are used to create a well-defined contact area (b).
The velocity level difference measurements were carried out using a two channel technique as reported by Craik [13] . Using this method, the transverse velocity level is measured in one randomly positioned measurement point on each plate while the source plate is excited using uniformly distributed hammer blows. The average velocity level difference between the source and the receiving plate is estimated by repeating this procedure for several pairs of measurement points until the average converges to a stable value. The one-third-octave band results of the two series are shown in Figures 4 and 5. All results were compared to a line junction, which corresponds to a combination of glue and 17 screws. Figure 4 shows that the 17 screw connection behaves as a line junction over the entire frequency range. The case with 9 fasteners approximates a line connection up to 2 kHz, whereas the case with 5 screws does the same up to 800 Hz. Above these cutoff frequencies, the velocity level difference drops, indicating a weakened coupling between the joist and the plate. By comparing Figures 4 and 5 , it can be observed that the connections with spacers are characterized by considerably lower cut-off frequencies. This leads to the conclusion that the transition from line to 'local' connection is not determined exclusively by the spacing between the fasteners. Moreover, the results indicate that a realistic subfloor/joist connection is characterized by an effective contact area which is considerably greater than the cross-section area of the fastener. These conclusions demonstrate the necessity for a more sophisticated approach which does not make any simplifying assumptions concerning the transition from line to 'local' connection and which allows a finite contact area at the joint. The model developed by Bosmans and Vermeir [11] satisfies these requirements, but needs modifications to more accurately represent the junction under investigation.
Figure 4:
Measured velocity level difference as a function of frequency for the cases where the joist was directly attached to the OSB sheet: line connection (---), 17 screws (D ), 9 screws (O) and 5 screws (n).
Figure 5:
Measured velocity level difference as a function of frequency for the cases where aluminum spacers were used to create a well-defined contact area between the joist and the OSB sheet: line connection (---), 17 spacers (D ), 9 spacers (O) and 5 spacers (n).
MODELLING THE JOISTS
In SEA, beams at plate/beam junctions are often considered as undamped coupling elements and not as subsystems [8, 14] . The influence of a beam is taken into account when calculating the coupling loss factor, since the presence of the beam changes the impedance of the junction and therefore also the energy flow between the coupled plates. As cross-section deformation is typically not included, this approach is particularly suited for beams having a rectangular cross-section and an aspect ratio close to unity. However, since the aspect ratio of a joist cross-section is usually larger than 6, some deformation is likely to occur at relatively low frequencies. As a result, the impedance at the junction is considerably overestimated when the cross-section is modeled as infinitely rigid. In fact, it is more appropriate to model the joist as an undamped plate strip [12, 15] . Also in this case, the joist is not included as a subsystem in the SEA model. Figure 6 illustrates that a plate strip model allows the joist to bend in the plane of its cross-section, whereas, in the eccentric beam model, the cross-section behaves as a rigid body. Modeling the joist as an undamped plate strip is justified as long as the energy dissipation in the joist is negligible compared to the damping of the OSB plates. This implies that the plate strip model should be applied in a frequency range where the joists support only few modes. At high frequencies, the dissipation cannot be ignored and the joists should be modeled as plate subsystems in order to obtain the correct energy distribution in the floor. In this case, coupling loss factors should be calculated by modeling the subfloor/joist junction as a T-joint.
As a first step towards modeling structure-borne sound transmission through floors, a model is presented for the idealized case of a rigid line connection. The model is based on a wave formulation for junctions of semi-infinite, orthotropic plates. The theory allows a joist to be modeled as an eccentric Timoshenko beam, a plate strip or a semi-infinite plate 3.1 Wave approach for orthotropic plates Coupling loss factors describing the energy flow between two plate subsystems in an SEA model are often calculated based on the so-called wave approach. In this method, vibrational energy flow between plates is assessed by modeling reflection and transmission of structure-borne sound waves at junctions of semi-infinite plates coupled along a common edge. The excitation of the plate assembly is taken as a plane wave incident upon the junction on one of the plates. The incident wave generates bending and in-plane waves propagating away from the junction on all plates, where the propagation direction of the waves is determined by Snell's law. The forces and displacements at the plate edges are expressed in terms of the amplitudes of these propagating waves. The equilibrium and continuity conditions at the junction line lead to a set of linear equations, the solution of which yields the unknown wave amplitudes. The energy flow associated with each traveling wave is determined by its amplitude. Structureborne sound transmission is quantified by the transmission coefficient, which is defined as the ratio of the transmitted intensity to the intensity carried by the incident wave. Based on the assumption of a diffuse wavefield on the source plate, the transmission coefficient is averaged over all angles of incidence. Finally, the angle-averaged result is used to calculate the SEA coupling loss factor.
Wöhle et al. [2, 3] and Craven et al. [4, 5] have developed the wave approach for the basic case of a rigid junction between thin isotropic plates. However, the materials used in wood frame buildings are strongly orthotropic. The wood chips in OSB are predominantly oriented parallel to the long axis of the sheet. As a result, the bending stiffness in this direction is approximately 2-4 times higher than in the direction of the short axis. The anisotropy in dimensional lumber is even more pronounced, since the ratio of the Young's modulus in the grain direction to the Young's modulus normal the grain can be as high as 30. In order to take into account the orthotropic behavior of these materials, a model was developed for junctions of thin orthotropic plates.
Analytical solutions to the equations of motion for bending and in-plane waves for thin orthotropic plates have been derived by Bosmans et al. [10, 16] . Two typical features of wave propagation in orthotropic plates are that the structural intensity is not parallel to the propagation direction of a plane wave and the vibrational energy is not distributed uniformly over all directions in a reverberant field. These properties have important implications for the application in an SEA model, since they require a new derivation of the coupling loss factor. Further, in-plane wave propagation cannot be separated into pure quasi-longitudinal and shear waves, but rather into a fast and a slow in-plane wave. However, both wave types are characterized by a mixture of quasi-longitudinal and shear wave motion.
In this paper, the theory presented in [10] and [16] is modified in order to include an orthotropic stiffening rib at the joint. The stiffening rib is modeled either as an orthotropic plate strip, or as an eccentric beam. For this purpose, the orthotropic plate model is modified using concepts of plate strip theory [12, 15] and plate/beam joint modeling [8, 14] . The following paragraphs will focus mostly on the description of the stiffening rib, since other aspects are sufficiently dealt with in literature. Model of the junction: conventions of forces and displacements.
3.2 Plate strip model. The geometry of a rigid plate strip joint is shown in Figure 7 . The junction consists of an assembly of semi-infinite plates and plate strips coupled by a junction beam. The junction beam is introduced as an artificial coupling element which facilitates the description of the boundary conditions at the joint. When modeling a joint between plates coupled along a common edge, the junction beam does not represent a physical part of the structure and is considered as massless and perfectly flexible. Figure 7 illustrates that a plate strip differs from a semi-infinite plate in that it has two parallel edges and is infinitely extended only in the z-direction. Each plate element has a local coordinate system (x p , y p , z p ) whereas a global coordinate system (x 0 ,y 0 ,z 0 ) is located at the center of gravity of the junction beam cross-section. The plate displacements in the x-, y-and z-direction and the rotation around the z-axis of the local coordinate system are symbolized by j p , h p , z p and a zp , respectively. The corresponding forces and bending moment (F xp , F yp , F zp and M zp ) can be expressed in terms of the plate displacements based on expressions given in [16] . The displacements of the junction beam (j b , h b , z b and a zb ) are expressed relative to the global coordinate system. Figure 8 illustrates that each plate can be coupled at any arbitrary coupling angle. The plate orientation is characterized by u p , which represents the angle between the (x,z)-plane of the plate and the (x,z)-plane of the global coordinate system. The eccentricity by which a plate is connected to the junction beam depends on the fixation position of the plate's midplane (x 0p ,y 0p ).
Figure 8:
Plates can be connected at any arbitrary coupling angle u p . The eccentricity of the joint is determined by the coordinates of the fixation point (x 0p ,y 0p ).
The boundary conditions at the joint (x p =0) consist of equilibrium conditions of the junction beam and of continuity conditions between the displacements of the plate edge and the corresponding displacements of the junction beam. The equilibrium conditions, expressed in the global coordinate system, are given by:
where the summations are taken over all plates. For each plate p, four continuity conditions are expressed in the local coordinate system as: 
For a plate strip, an additional set of boundary conditions is required for the plate edge at x p =L x . In this paper, free boundary conditions are assumed at the plate strip edge:
In the following paragraphs, the plate strip model will be elaborated by discussing the solutions to the equations of motion. Although equations will be presented only for bending waves, the same approach can be applied to in-plane waves.
A unit amplitude wave traveling with wavenumber k i and angle of incidence u i towards the junction on one of the semi-infinite plates is described by (the time dependence e jwt is omitted):
The resulting bending wave response of a semi-infinite plate is written as: (11) where A + and B + represent the wave amplitudes, and the bending wavenumbers k Bx1 and k Bx2 are derived in [16] . Equation (11) corresponds to wave propagation away from the junction, i.e. in the direction of the positive x-axis. Depending on the wavenumber and heading u i of the incident wave, each term in (11) represents a propagating wave or a nearfield. For a plate strip, the reflection at x p =L x must be taken into account. In this case, the formulation of the bending wave response should include wave propagation in the direction of the positive as well as the negative x-axis: (12) At some frequencies, interference between both oppositely running wave components will lead to resonances and anti-resonances of the plate strip. While resonances cause a reduction of the junction impedance and consequently an increase of structureborne sound transmission, anti-resonances lead to a significant attenuation of structureborne sound. Since the internal loss of the plate material is not included in the analysis, one might expect singularities at resonance frequencies. However, an infinite response of the plate strip does not occur due to wave conversion and transmission to other plates.
Eccentric beam model.
In the eccentric beam model, the plate strip discussed in the previous section is omitted from the junction, and the influence of the stiffening rib is taken into account by assigning a proper mass and stiffness to the junction beam, as in the approach of Steel [8] . In this case, the junction beam will resist the forces and moments imposed by the plates and the equilibrium conditions (1)-(4) will differ from zero. The model is developed for orthotropic beams with rectangular cross-sections. The principal material directions in the beam material are assumed to be parallel to the beam axis and the edges of the cross-section.
The forces acting in the x-and y-direction of the global coordinate system (see Figure 7 ) will cause bending of the beam in the (x,z)-and (y,z)-planes. Shear deformation and rotatory inertia is included by modeling the beam bending using Timoshenko's theory [17] . Bending due to a force per unit length F x , acting in the xdirection, is governed by the following equation of motion: (13) Here, E z and G xz represent the Young's modulus in the z-direction and the shear constant corresponding to the (x,z)-plane. The density of the beam material is symbolized by r , and h x and h y denote the dimensions of the beam cross-section in the x-and ydirection. The moment of inertia I yy is calculated as: (14) Timoshenko's assumption of a uniform distribution of the shear stress over the beam cross-section requires a correction factor k(, which is taken equal to 0.833 for rectangular cross-sections. At a plate/beam junction, the beam is driven by the plates and its response is determined by the trace wavenumber k i (u i )sinu i and the time dependence e j¥t imposed by the incident wave. As a consequence, the equilibrium condition (1) is rewritten as: (15) Similarly, the equilibrium condition (2) for the forces acting in the y-direction can be derived as:
( (16) where G yz denotes the shear constant in the (y,z)-plane and I xx is calculated by interchanging the indices x and y in (14) .
Since a force per unit length F z acting in the beam's axial direction induces compression of the beam, the response is determined by the equation of motion for quasilongitudinal waves [18] : (17) As a result, the equilibrium condition (3) corresponding to the z-direction is rewritten as: (18) The junction beam will be subjected to torsion due to the bending moments at the plate edges. The beam response for excitation by a torsional moment per unit length M z is governed by the following differential equation [18] : (19) where the polar moment of inertia J z is equal to I xx +I yy . The torsional stiffness is calculated as: (20) In (20), h min and h max denote the smallest and the largest dimension of the rectangular cross-section, respectively. G xy denotes the shear constant corresponding to the (x,y)-plane. The correction factor k is determined by the ratio h min /h max and is given in tabulated form by Cremer et al. [18] . Finally, the equilibrium condition (4) for beam torsion is given as: (21) 4. EXPERIMENTAL VERIFICATION The calculation models outlined in the previous section are verified on two different structures. Since the anisotropic and inhomogeneous character of the materials involved in realistic subfloor/joist connections may not justify the assumptions introduced in the theory, a first series of tests were performed for a rib-stiffened plate structure consisting of Plexiglas. The validation on a structure using a homogeneous and isotropic material represents an appropriate evaluation of the concepts of the plate strip and eccentric beam models. Next, the accuracy of the models for realistic materials is investigated on the subfloor/joist connection discussed in section 2.
Plexiglas structure.
The Plexiglas structure is illustrated in Figure 9 . A Plexiglas sheet, measuring 2.46 x 1.22 x 0.0117 m, was suspended from the laboratory ceiling using cords and springs. A stiffening rib was attached at the center of the sheet by 17 equally spaced screws, dividing the sheet in two plates. Since glue was not used at the joint in order to preserve the integrity of the plates, the joint may not behave as a line connection at all frequencies. Three different cases were considered depending of the depth of the stiffening rib. Each rib was 1.22 m long and 0.01871 m thick, and the depth of the three ribs was taken equal to 0.05, 0.10 and 0.235 m. The material properties were taken as: Young's modulus E = 4.8·10 9 Pa, Poisson's ratio y = 0.4, density r = 1183 kg/m 3 . The damping of the sheet was determined by reverberation time measurements on the suspended sheet without a rib.
Figure 9:
The Plexiglas structure was suspended from the laboratory ceiling using cords and soft springs. Three different cases were considered depending on the depth of the stiffening rib. The ribs were attached to the plate using 17 equally spaced screws (spacing 7.5 cm).
The calculations were carried out using three different models of the joint. In the first model, the stiffening rib is treated as a plate strip, whereas in the second model the eccentric Timoshenko beam theory is used. In the third approach, the joint is modeled as a classic T-joint, assuming that the stiffening rib can be considered as a plate subsystem. The coupling angles and the fixation point coordinates used in the plate strip model and the eccentric beam model are listed in Tables 1 and 2 . In the T-joint model, the plate corresponding to the rib has the same coupling conditions as the plate strip in Table 1 . The models were used to calculate the coupling loss factor between plates 1 and 2. The transverse velocity level difference between both plates was then estimated using SEA. Figure 10 shows the measured and predicted velocity level difference when the 5 cm deep stiffening rib was installed. Of all models, the plate strip results agree best with the measured data. A slight underestimation of the velocity level difference can be observed up to 1 kHz, but the pronounced peak at 1.6 kHz is accurately predicted and the theoretical results generally show a similar trend as the experimental data. At low and mid frequencies, the predictions of the eccentric beam and plate strip models are almost identical, which confirms the findings of Heron [15] . However, the eccentric beam calculations start to deviate from the measured results above 1 kHz. Modeling the 5 cm rib as a plate subsystem is clearly inappropriate as the T-joint model overestimates the velocity level differences in almost the entire frequency range.
Figure 10
Measured and predicted velocity level difference for the Plexiglas structure with a 5 cm deep stiffening rib: measured (D), plate strip model (-), eccentric beam model (------) and T-joint (.......). Coupling angle and fixation point coordinates used in the eccentric beam model (h is the thickness of plates 1 and 2, h y is the beam thickness in the y-direction). The pronounced maximum in Figure 10 is explained based on a few calculation examples. If the model is simplified by limiting the calculations to normal incidence and by restricting the motion of the junction beam to rotation only, then the joint behaves as a pinned junction of one finite-sized and two semi-infinite beams. In this equivalent beam junction, the finite-sized beam represents the stiffening rib and its length is equal to the depth of the rib. At a pinned joint, bending waves are transmitted exclusively by bending moments. As a result, the bending wave transmission loss will be determined by the moment impedance of the coupled beams. Since the moment impedance of the finite-sized beam is characterized by resonances and anti-resonances, the bending wave transmission loss between the two infinite beams shows a series of minima and maxima at the corresponding resonance and anti-resonance frequencies. Figure 11 shows the bending wave transmission loss for normal incidence and bending waves only for the 5 cm rib junction. Also shown is the moment impedance Z M of a pinned 5 cm long beam. It is clearly demonstrated that the distinct maximum in the transmission loss curve is located exactly at the first anti-resonance frequency of the finite-sized beam. When the joint is allowed to translate as well as to rotate, the bending wave transmission loss changes drastically as illustrated in Figure 11 . The maximum corresponding to the anti-resonance is reduced significantly and its position is shifted to a lower frequency. Figure 11 shows that averaging the transmission coefficient over all angles of incidence, as was done for the plate strip model results in Figure 10 , leads to a further reduction of the maximum and an additional shift to lower frequencies. This final peak corresponds to the maximum in the velocity level difference curve in Figure 10 , which thus proves to be related to the anti-resonance of the stiffening rib. Figure 12 shows the measurements and calculations for the 10 cm deep stiffening rib. Also in this case, the plate strip model agrees well with the measurements. The eccentric beam model works reasonably well at low frequencies, but starts to overestimate the velocity level difference above 1 kHz. Modeling the rib as a plate still leads to inaccurate predictions, although the agreement between the measurements and the T-joint model calculations is good at the highest one-third octave bands. Measured and predicted results for the 23.5 cm rib are plotted in Figure 13 . Except for some discrepancies at low and at high frequencies, the plate strip model produces very reliable predictions. While the eccentric beam model is only useful up to 250 Hz, the accuracy of the T-joint model is acceptable starting from 2 kHz. After comparing Figures 10, 12 and 13 it can be concluded that increasing the depth of the rib effectively reduces the upper frequency limit below which the eccentric beam model is relatively accurate. In addition, increasing the rib depth also reduces the lower frequency limit above which the junction may be modeled as a T-joint. In general, the plate strip model seems to work well at all frequencies in all three cases and, consequently, represents the preferred calculation model in a frequency range where the stiffening rib behaves neither as a beam nor as a plate.
Plate element
4.2 Subfloor/joist connection. The calculation models were verified on the rib-stiffened structure discussed in section 2, where the joist was connected to an OSB sheet using a combination of glue and 17 screws. The elastic properties of the subfloor and the joist were determined by measuring the resonance frequencies of beam samples taken from both materials, as suggested by Hearmon [19] . Both the Young's modulus in direction of the beam axis and the shear constant in the plane of bending could be estimated simultaneously by taking shear deformation into account. Since not all elastic constants could be determined based on these measurements, some literature data were used in the calculations. The material properties of the joist and OSB-sheet are listed in Table 3 . While the internal loss factor of the joist was estimated by measuring the half-value bandwidth of the beam resonances, the damping of the OSB sheet was determined by measuring the reverberation time of the OSB sheet without the joist. The calculations were carried out using the coupling parameters given in Tables 1  and 2 . Material properties of the OSB subfloor and the joist. OSB-data (*) after Larsson [20] , joist-data (**) after Illston [21] . Figure 14 shows the measured and predicted velocity level difference for the subfloor/joist junction. Although the low frequency accuracy for the plate strip model is reasonable, the underestimation of the velocity level difference above 630 Hz is unacceptably high. In addition, the calculated data do not show the same trend as the measured results since the maximum at 1600 Hz is not predicted. Figure 14 further illustrates that neither of the other two models are successful at predicting the velocity level difference at high frequencies. In view of the good results obtained for the Plexiglas structure, the discrepancies between measurement and calculation for the realistic joint are probably caused by the anisotropic and inhomogeneous nature of the materials. One possible explanation is the fact that the influence of rotatory inertia and shear deformation was not included in the mathematical description of the plate response by virtue of the thin plate assumption. Since the measurements on the beam samples showed that shear deformation was important in both materials, the thin plate assumption is very likely to introduce prediction errors which might increase with increasing frequency. Further, the principal material directions in the joist are not parallel to the edges of the cross-section. In fact, the orthotropic structure is determined by the annual rings in the wood, and the principal directions are normal to (radial) and parallel (tangential) to these rings. This polar orthotropy can lead to coupling between the various wave types in the joist, which is not incorporated in the presented theory. An additional error might be introduced by taking part of the elastic properties from literature, as it is unclear whether these data are truly representative for the materials used in the experiments.
CONCLUSIONS
Vibration attenuation across a typical subfloor/joist connection was investigated experimentally and theoretically in laboratory conditions. The typical connection using equally spaced screws was studied in a series of experiments with systematic changes in the coupling conditions of the joist. It was demonstrated that structure-borne sound transmission across the joist does not depend exclusively on the spacing between the fasteners, but rather on an effective contact area between the joist and the subfloor in the vincinity of each fastener.
As a first step towards modeling flanking transmission through wood frame floors, a calculation model was developed for predicting structure-borne sound transmission between two plates coupled along a line by an eccentric stiffening rib. Three different variants of the model were considered in which the stiffening rib was treated as a beam, a plate strip or a plate subsystem. The calculation models were verified experimentally on a Plexiglas structure as well as on a subfloor/joist connection. Three different depths of the stiffening rib were considered in the Plexiglas test series. The accuracy of the plate strip model proved to be good in all three cases and at all frequencies. It was found that the eccentric beam model is essentially the same as the plate strip model below the first anti-resonance of the stiffening rib. Modeling the connection as a classic T-joint is only acceptable at high frequencies, where the rib starts to support a sufficient number of modes. In spite of the good results for the Plexiglas structure, the agreement between measurement and calculation for the subfloor/joist connection was rather poor at mid and high frequencies for all three models. The discrepancies are assumed to be caused by the anisotropic and inhomogeneous character of the subfloor and the joist, and more research is required to investigate the effect of shear deformation and the internal structure of materials commonly used in wood frame buildings.
